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BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

The present invention relates to a thin-film solar cell and its 
manufacturing method, and more particularly to a thin-film solar cell 
having a high photoelectric conversion efficiency and its manufacturing 
method. 

2. Description of the Prior Arts 

Attention has been put on a solar cell as alternate energy of 
fossil fuel such as petroleum that has a problem of having a worry 
about supply and demand in the future as well as a discharge of carbon 
dioxide which is a cause of global warming. 

This solar cell utilizes a p-n junction at a photoelectric 
conversion layer that converts optical energy into electric power. 
Silicon has frequently been used in general as a semiconductor 
constituting this p-n junction. 

It is preferable to use single crystalline silicon from the viewpoint 
of photoelectric conversion efficiency. However, it has a problem 
concerning a material supply and production of large areal solar cell at 



low cost. 

On the other hand, a thin-film solar cell having a photoelectric 
conversion layer has been realized, the photoelectric conversion layer 
being made of amorphous silicon that is advantageous for realizing a 
5 solar cell with a large area at low cost. 

Further, an investigation has been made for a use of crystalline 
silicon to a photoelectric conversion layer so as to realize a solar cell 
achieving both of a high, stabilized photoelectric conversion efficiency to 
a level of a single crystalline silicon solar cell and a large area and low 
10 cost at a level of an amorphous silicon solar cell. In particular, 
ul attention has been made on a thin-film solar cell (hereinafter referred to 

Jf as crystalline silicon thin-film solar cell) in which a crystalline silicon 

=P thin-film is formed by using a thin-film forming technique by a chemical 

pi vapor deposition (hereinafter referred to as CVD method) like the case of 

r: 15 amorphous silicon. 

JL For example, Japanese Unexamined Patent Application No. 

M= HEI 1-289 173 discloses a multi-junction type thin-film solar cell made 

H by laminating a photoelectric conversion element having an active layer 

51 * of amorphous silicon and a photoelectric conversion element having an 
20 active layer of polycrystalline silicon that has a smaller energy gap 
compared to amorphous silicon. The thin-film solar cell of this type 
has a structure that solar light is incident from the side of the 
photoelectric conversion element having an amorphous silicon active 
layer, thereby having an advantage of more efficiently utilizing solar 
25 light compared to a single-junction type. Moreover, a plurality of 
photoelectric conversion layers is connected in series, to thereby 
obtaining a high open-circuit voltage. This can make the amorphous 
silicon active layer thin, so that a deterioration per hour of the 
photoelectric conversion efficiency attributed to Staebler-Wronski effect 
30 can be reduced. Moreover, this type of solar cell has an advantage of 
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manufacturing the amorphous silicon layer and the crystalline silicon 
layer by the same device. As described above, the thin-film solar cell of 
this type has various advantages, and therefore, research and 
development has popularly been made as a means for realizing a highly 

- 5 efficient thin-film solar cell manufactured also at a low cost. 

One of the important techniques for realizing a highly efficient 
thin-film solar cell includes a light confinement effect. The light 
confinement effect means that irregularities are made on a surface of a 
transparent conductive layer or a metal layer that is in contact with the 

10 photoelectric conversion layer for scattering light at its boundary, 
thereby extending optical path length for increasing an amount of light 
absorption at the photoelectric conversion layer. 

For example, Japanese Patent No. 1681183 or No. 2862174 
discloses a technique for obtaining a substrate for a highly efficient 

15 solar cell by defining a size of grain diameter or a size of irregularities of 
the transparent conductive layer formed on a glass substrate. 

An improvement of the photoelectric conversion efficiency by the 
light confinement effect serves for decreasing a thickness of the 
photoelectric conversion layer. This can restrain a photo-deterioration, 

20 especially in an amorphous silicon solar cell. Further, this can greatly 
shorten a film-forming time in the case of a crystalline silicon solar cell 
that requires, due to its light absorption characteristics, a thickness of 
no less than several micron orders which is several to ten several times 
thick compared to amorphous silicon. Specifically, the light 

25 confinement effect enables to enhance all of high efficiency, stabilization 
and production with low cost that are significant problems for realizing 
a thin-film solar cell. 

However, the photoelectric conversion efficiency of the crystalline 
silicon thin-film solar cell is only the same level as that of the 

30 amorphous silicon solar cell in spite of an energetic research and 
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development made so far. 

H. Yamamoto et al reported in PVSC-11, Sapporo, Japan, 1999 
that forming a microcrystalline silicon layer with a plasma CVD method 
on an Asahi-U substrate obtained by laminating on a glass substrate tin 
oxide having minute irregularities thereon stimulates a priority growth 
of silicon grain in a perpendicular direction with respect to the surface 
of the tin oxide, which produces collisions between crystal grains each 
growing from different surfaces of irregularities and having a different 
crystal orientation, thereby generating a great amount of defects. Such 
defects remarkably deteriorate the photoelectric conversion efficiency, 
since they become a recombination center of a carrier. 

H. Yamamoto et al simultaneously reported that laminating 
further zinc oxide thickly on the tin oxide having a surface irregularities 
for making the depth of each irregularity small also stimulates a priority 
growth of silicon grain in a perpendicular direction with respect to the 
surface of the tin oxide, which produces collisions between crystal 
grains each growing from different surfaces of irregularities and having 
a different crystal orientation, but the defects are less generated since a 
difference in its orientation is small. Specifically, it is clear that the 
irregularities on the surface of the substrate are made as smaller as 
possible for reducing the defects in the crystalline silicon thin-film. 

However, making no irregularities or making the irregularities on 
the surface small brings a result contrary to a technique for obtaining a 
highly efficient thin-film solar cell by enhancing the light confinement 
effect. 

Japanese Laid-Open Patent Applications No. HEI 10-117006, No. 
HEI 10-294481, No. HEI 11-214728, No. HEI 11-266027 and No. 
2000-58892 disclose a multi-junction type thin-film solar cell having a 
lower photoelectric conversion element that includes a photoelectric 
conversion layer made of a crystalline silicon layer and is formed on a 
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back surface electrode on which irregularities are formed, this 
crystalline silicon layer having a (110) priority crystal orientation 
surface parallel to the substrate surface. However, these solar cells 
have an element structure of a sub-straight type in which light is 
5 incident from a photoelectric conversion element side. 

Therefore, with respect to an element structure of a 
super- straight type in which light is incident from a transparent 
substrate side, no finding has been made as for a suitable rough 
structure achieving both of the reduction of defect density and light 
10 confinement effect in the crystalline silicon thin-film. 

SUMMARY OF THE INVENTION 

The present invention provides a thin-film solar cell comprising a 
set of a transparent conductive layer and a photoelectric conversion 

15 layer laminated in this order on a substrate, wherein the photoelectric 
conversion layer is made of a p-i-n junction, an i-layer constituting the 
p-i-n junction is made of a crystalline layer and the transparent 
conductive layer is provided with a plurality of holes at its surface of the 
side of the photoelectric conversion layer, each of said holes having 

20 irregularities formed on its surface. 

The present invention also provides a method for manufacturing 
a thin-film solar cell characterized in that a surface of a substrate 
and/ or a first transparent conductive layer is etched for forming a 
plurality of holes on the surface of the first transparent conductive layer 

25 upon manufacturing a thin-film solar cell of the above. 

The present invention still provides a method for manufacturing 
a thin-film solar cell characterized in that a first transparent conductive 
layer is formed so as to have holes on its surface, whereby a plurality of 
holes are provided on the surface of the first transparent conductive 

30 layer upon manufacturing a thin-film solar cell of the above. 
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The present invention further provides a thin-film solar cell 
comprising two or more sets of a transparent conductive layer and a 
photoelectric conversion layer laminated in this order on a substrate, 
wherein a plurality of holes are provided on a surface at a side of a first 
photoelectric conversion layer of a first transparent conductive layer 
that is the closest layer to the substrate as well as on a surface at a side 
of a second photoelectric conversion layer of a second transparent 
conductive layer formed on the first transparent conductive layer, each 
of said holes having irregularities formed on its surface, the 
photoelectric conversion layer is made of a p-i-n junction, an i-layer 
constituting the p-i-n junction of the first photoelectric conversion layer 
is made of an amorphous or a crystalline layer and the i-layer of each of 
the other photoelectric conversion layers is made of a crystalline layer. 

The present invention still another provides a method for 
manufacturing a thin-film solar cell characterized in that a surface of a 
substrate and /or a first transparent conductive layer and/ or a second 
transparent conductive layer is etched for forming a plurality of holes 
on the surface of the first transparent conductive layer and on the 
surface of a second transparent conductive layer upon manufacturing a 
thin-film solar cell of the above. 

The present invention still further provides a method for 
manufacturing a thin-film solar cell characterized in that a first 
transparent conductive layer and/ or a second transparent conductive 
layer is formed so as to have holes on its surface, whereby a plurality of 
holes are provided on the surface of the first transparent conductive 
layer and on the surface of a second transparent conductive layer upon 
manufacturing a thin-film solar cell of the above. 

These and other objects of the present application will become 
more readily apparent from the detailed description given hereinafter. 
However, it should be understood that the detailed description and 
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specific examples, while indicating preferred embodiments of the 
invention, are given by way of illustration only, since various changes 
and modifications within the spirit and scope of the invention will 
become apparent to those skilled in the art from this detailed 
5 description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic cross-sectional view showing an essential 
part of a single-junction type thin-film solar cell (Embodiment 1) 
10 according to the present invention; 

Fig. 2 is a typical view for explaining a surface shape of a 
transparent conductive layer in a thin-film solar cell according to the 
present invention; 

Fig. 3 is a typical view for explaining a surface shape of a 
15 transparent conductive layer in a thin-film solar cell according to the 
present invention; 

Fig. 4 is a schematic cross- sectional view showing an essential 
part of a single-junction type thin-film solar cell (Embodiment 5) 
according to the present invention; 
20 Fig. 5 is a schematic cross-sectional view showing an essential 

part of a multi-junction type thin-film solar cell (Embodiment 6) 
according to the present invention; and 

Fig. 6 is a schematic cross-sectional view showing an essential 
part of a multi-junction type thin-film solar cell (Embodiment 10) 
25 according to the present invention. 

> 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

A substrate which can be used for a thin-film solar cell of the 
present invention is not specifically limited if it supports and 
30 strengthens the entire solar cell. A substrate having a heat resistance 
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(e.g., approximately 200 °C) is preferable. Further, a substrate which 
can be used for a super- straight type solar cell is preferable. Examples 
of usable materials include glass; heat-resistant high molecular film 
such as polyimide, PET, PEN, PES, teflon or the like; metal such as 
5 stainless steel (SUS), aluminum or the like; and ceramics. These 
materials can be used singly or in a laminate structure. More 
preferable materials are a transparent material having heat resistance. 
Each of these substrates suitably has a thickness of affording a suitable 
intensity and weight to the substrate, for example, a thickness of 
10 approximately 0. 1 to 30mm. Further, each of these substrates may be 
{Z formed by an insulating film, conductive film, buffer layer or the like or 

O by a combination of these depending upon a using condition of the 

Ck substrate. 

^ The substrate may be provided with a plurality of holes on its 

^ 15 surface, preferably at the side of the transparent conductive layer as 
□ described later. Irregularities may be formed on the surface of each 

u hole. It is preferable to set the shape and size of the holes and 

Ji? irregularities in order to produce holes and irregularities at the side of a 

m photoelectric conversion layer of the transparent conductive layer. The 

20 shape and size of the holes and irregularities can suitably be adjusted 
according to a thickness, material or the like of the transparent 
conductive layer described later. Examples of the specific shape of 
each hole and irregularity include an approximately cube, rectangular 
solid, circular cylinder, circular cone, sphere, hemisphere, or the like or 
25 a combination of these shapes. Preferable diameter of the hole is 
approximately 200 to 2000nm, preferable depth of the hole is 
approximately 50 to 1200nm and preferable height difference of the 
irregularity is 10 to 300nm. 

Irregularities may be formed on the surface other than the holes 
30 on the surface of the substrate on which holes are formed. The height 
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difference of irregularities in this case is approximately 10 to 300nm. 

Preferable proportional ratio of the irregularity size to the 
irregularity space and that of the hole depth to a hole diameter are 
approximately 0.05 to 3, more preferably approximately 0. 1 to 2. 
From another viewpoint, preferable number density of a hole is 
approximately 0.1 to 5 numbers per micro square meter, more 
preferably approximately 0.5 to 2 numbers per micro square meter. 

The holes and irregularities are formed on the surface of the 
substrate by the same manner as a method for forming holes and 
irregularities on the surface of the transparent conductive layer as 
described later. More suitable method is a sandblasting. 

The transparent conductive layer is not specifically limited. For 
example, the transparent conductive layer can be formed by a single 
layer or a laminate structure of a transparent oxide or the like such as 
SnC>2, In2C>3, ZnO, ITO or the like. ZnO is more preferable since it has 
a high resistance to plasma. The transparent conductive layer may 
include impurities from the viewpoint of reducing resistivity. Examples 
of impurities include the elements in Group III of the periodic table such 
as gallium, aluminum or the like. Its preferable impurity concentration 
is approximately 5xl0 20 to 5xl0 21 /cm 3 , for example. A preferable 
thickness of the transparent conductive layer is approximately 0.1 nm 
to 2 microns. The thickness of each of the second, third and so on of 
the transparent conductive layers is approximately 0.5 to 50 nm. 
These layers can be formed on the substrate by a sputtering method, 
vacuum deposition method, EB deposition method, atmospheric 
pressure CVD method, low pressure CVD method, sol-gel method, 
electrodeposition method and the like. The sputtering method is 
preferable among these methods, because the transparency and 
resistivity of the transparent conductive layer are easy to be controlled 
so as to be suitable for the crystalline silicon thin-film solar cell. 



The transparent conductive layer is provided with a plurality of 
holes on its surface at the side of a photoelectric conversion layer 
described later. Each hole is preferably provided with irregularities on 
its surface. The formation of both the holes and the irregularities is 
5 more preferable because their formation can produce sufficient 
scattering or reflection of solar light and therefore can realize both 
reduction in the defect density and improvement in light absorption 
characteristics which provides high photoelectric conversion efficiency. 
These holes and irregularities have a number, size, shape, depth and 

10 the like which can produce suitable scattering or reflection of solar light 
for desired light absorption characteristics of the photoelectric 
conversion layer and can reduce the defect density of the photoelectric 
conversion layer formed above the holes and irregularities. 

For example, preferable holes and irregularities are those that 

15 can generate sufficient light scattering effect not only for a middle 
wavelength of approximately 450 to 650 nm of the central wavelength of 
the solar spectrum but also for a long wavelength of the central 
wavelength of the solar spectrum. Specific examples include an 
approximately cube, rectangular solid, circular cylinder, circular cone, 

20 sphere, hemisphere, or the like or a combination of these shapes. " 

The diameter of the hole is approximately 200 to 2000 nm, 
preferably about 400 to 1200 nm. The depth of the hole is 
approximately 50 to 1200 nm, preferably about 100 to 800 nm. The 
height difference of the irregularity is approximately 10 to 300 nm, 

25 preferably about 20 to 200 nm. Preferable proportional ratio of the 
irregularity size to the irregularity space and that of the hole depth to a 
hole diameter are approximately 0.05 to 3, more preferably 
approximately 0. 1 to 2. From another viewpoint, preferable number 
density of a hole is approximately 0.1 to 5 numbers per micro square 

30 meter, more preferably approximately 0.5 to 2 numbers per micro 
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square meter. In order not to generate a defect in the crystalline 
photoelectric conversion layer, the height difference of the irregularity 
formed on the surface of the hole formed on the surface of the second 
transparent conductive layer is smaller than that formed on the surface 
5 of the hole formed on the surface of the first transparent conductive 
layer. Preferable proportional ratio of the irregularity size to the 
irregularity space is approximately 0.1 to 1. 

Irregularities may be formed on the surface other than the holes 
on the surface of the substrate on which holes are formed, so as to 

10 generate a satisfactory light scattering or reflecting state. The height 
difference of the irregularities in this case is approximately 10 to 300 
nm, preferably about 20 to 200 nm. The proportional ratio of the 
irregularity size to the irregularity space or a number density of a hole 
is approximately the same as described above. 

15 This can produce sufficient light scattering effect for the solar 

ray incident to the photoelectric conversion layer (also to the crystalline 
photoelectric conversion layer). Although the shape of the irregularity 
generates high or low light scattering effect, it does not limit the 
generation of the effect. 

20 The transparent conductive layer is preferably oriented with 

respect to the substrate surface. The phrase that the transparent 
conductive layer is oriented with respect to the substrate surface means 
that the diffraction peak to a specific surface in the X-ray diffraction is 
60 % or more, preferably 70 % or more, with respect to the sum of the 

25 integral intensity of all the diffraction peaks. This eliminates an 
influence of the plane direction dependency in the transparent 
conductive layer due to a processing such as an etching or the like, 
thereby obtaining a uniform hole or uniform irregularities formed on the 
surface of the transparent conductive layer at the side of the 

30 photoelectric conversion layer, i.e., thereby unifying the photoelectric 
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conversion characteristics of the thin-film solar cell. Moreover, the 
depth of the hole formed after the etching processing becomes large 
with the improvement of the orientation, whereby long wavelength light 
having a wavelength of 700 nm or more can effectively be absorbed. 
For example, in case where zinc oxide is used for the transparent 
conductive layer, the integrating intensity of the (0001) diffraction peak 
obtained by X-ray diffraction method is preferably 70% or more with 
respect to the sum of the integrating intensity of all the diffraction 
peaks from the viewpoint of electrical and optical characteristics. 

There are various methods for forming a plurality of holes and 
irregularities described above on the surface of the transparent 
conductive layer, such as a chemical method for processing the surface 
of the transparent conductive layer with an etchant or the like, a 
physical method for irradiating ion or plasma to the surface of the 
transparent conductive layer, a method wherein conditions for 
manufacturing the transparent conductive layer with a magnetron 
sputtering method are set so as to naturally generate the holes and 
irregularities, a method for making holes and irregularities on the 
transparent conductive layer formed on the substrate by executing an 
etching or mechanical processing to the substrate itself as described 
above, or the like. 

The chemical method is preferable since the surface shape of the 
transparent conductive layer can easily be controlled by suitably 
changing a type of an etchant, its concentration, etching time or the like. 
In the case of the processing with the etchant, a preferable method is 
the one wherein the transparent conductive layer is dipped into the 
etchant considering the reduction of the manufacturing cost. 
Examples of the etchant includes a mixture of one or two kinds of acid 
solution such as hydrochloric acid, sulfuric acid, nitric acid, fluoric acid, 
acetic acid, formic acid, hydrogen peroxide, perchloric acid or the like. 
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Preferable acid solution is hydrogen chloride and acetic acid. The 
solution described above can be used with a concentration of, for 
example, approximately 0.05 to 5 wt.%. It is preferable in particular 
that the comparatively weak acid solution such as acetic acid is used 
with a concentration of approximately 0.15 to 5 wt.%. Examples of 
alkali solution includes a mixture of one or two kinds of alkali solution 
such as sodium hydroxide, ammonia, potassium hydroxide, calcium 
hydroxide, sodium hydroxide or the like. Sodium hydroxide is more 
preferable. The solution described above is preferably used with a 
concentration of approximately 1 to 10 wt.%. 

As for the physical method, holes and irregularities can be 
formed on the surface of the transparent conductive layer by controlling 
a type of ion or plasma, its generating method, kinetic energy or the 
like. 

Considering the method for controlling the film-forming 
condition, the film-forming condition can be controlled, for example, as 
disclosed in Japanese Patent No. 2862174. This can control the 
crystal grain size and orientation of the transparent conductive layer, so 
that the holes and irregularities can be formed on the surface of the 
transparent conductive layer. 

A sandblasting method disclosed in the Japanese Laid-Open 
Patent Application No. HEI 10-70294 is taken as one example for 
forming the irregularities on the substrate. 

The above-mentioned methods may singly be used or may be 
used in combination of two or more methods. 

In case where the thin-film solar cell of the invention is a 
multi -junction type (i.e., a type having two or more sets of a transparent 
conductive layer and a photoelectric conversion layer laminated in this 
order), each of the transparent conductive layer may be provided with 
holes and/or irregularities on the surface thereof at the side of each 
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photoelectric conversion layer, or some transparent conductive layers, 
preferably only a first and second transparent conductive layers, are 
provided with holes and irregularities on the surface thereof at the side 
of each photoelectric conversion layer. 

The photoelectric conversion layer is formed on the transparent 
conductive layer by a p-i-n junction. In particular, an i-layer among 
p-layer, n-layer and i-layer which constitute the p-i-n junction is made 
of a crystalline layer in a single-junction type (i.e., a type having one set 
of a transparent conductive layer and a photoelectric conversion layer 
laminated in this order). In the case of a multi -junction type, the 
i-layer in the first photoelectric conversion layer may be preferably 
made of an amorphous layer or may be made of a crystalline layer. 
The i-layer in the second photoelectric conversion layer is preferably a 
crystalline layer in the multi-junction type of a two-layered structure. 
As for a multi-junction type having three or more layers laminated, the 
i-layer in the second photoelectric conversion layer may be amorphous 
or crystalline layer, while the photoelectric conversion layer such as the 
third photoelectric conversion layer that is arranged at the outermost 
side is preferably a crystalline layer. The word "crystalline" includes, if 
a special note is not given, all crystal conditions such as not only a 
polycrystal and single crystal but also a crystal component so-called 
microcrystal. The word "amorphous" means a crystal component 
called amorphous or non-crystal, if a special note is not given. The 
crystalline or amorphous layer may be partially included therein, may 
be preferably included in the whole i-layer. Examples of materials for 
constituting the i-layer includes an element semiconductor such as 
silicon, silicon alloy (for example, alloyed silicon such as Si x Ci- x to 
which carbon is added, Si x Gei- x to which germanium is added or silicon 
to which any other impurities are added) or the like. 

The p-layer or n-layer which constitutes the photoelectric 
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conversion layer may be entirely or partially a crystalline layer, or may 
be entirely an amorphous layer. The same materials for constituting 
the i-layer can be used for constituting these p-layer and n-layer. 

It is preferable that, in the single-junction type thin-film solar 
cell, all of the p-layer, n-layer and i-layer are made of a layer including 
crystalline silicon, or i-layer as well as either one of the p-layer and 
n-layer that is in contact with the transparent conductive layer are 
made of a layer including crystalline silicon. Further, all of the p-layer, 
n-layer and i-layer of all the photoelectric conversion layers may not 
include a crystalline layer in the multi-junction type thin-film solar cell. 

The inclusion of the layer made of crystalline silicon or silicon 
alloy in the photoelectric conversion layer enables to sufficiently utilize 
long wavelength light of 700 nm or more that cannot be utilized for the 
photoelectric conversion in amorphous silicon. 

The p-layer constituting the photoelectric conversion layer 
includes Group III element (for example, boron, aluminum, germanium, 
indium, titanium or the like). The p-layer may be a single layer, or may 
be a laminate structure wherein the concentration of Group III element 
is different in each layer or gradually changes. The concentration of 
Group III element is, for example, approximately 0.01 to 8 atom%. The 
thickness of the p-layer is, for example, approximately 1 to 200 nm. 

The p-layer can be formed by any method if a layer made of 
silicon or silicon alloy is formed to have a p-type conductivity. Typical 
method for forming such a layer is CVD method. Examples of the CVD 
method here includes atmospheric pressure CVD, low pressure CVD, 
plasma CVD, ECR plasma CVD, high-temperature CVD, 
low-temperature CVD or the like. Preferable one is a method with a 
high frequency of a frequency band from RF to VHF, ECR plasma CVD 
method, or its combination. When the plasma CVD method is used, 
examples of conditions include a frequency of approximately 10 to 200 
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MHz, power of approximately several watts to several kilowatts, 
pressure in a chamber of approximately 0.1 to 20 Torr, and substrate 
temperature of approximately room temperature to 600 °C. 

Examples of silicon-containing gas used for forming the p-layer 
5 include SiH 4 , Si 2 H 6 , SiF 4 , SiH 2 Cl 2 , SiCU or the like. The 
silicon-containing gas is generally used as dilution gas with inert gas 
such as H 2 , Ar, He, Ne, Xe or the like. H 2 gas is most preferable. The 
mixture ratio of the silicon-containing gas and dilution gas is constant 
or gradually changed. Its suitable value is approximately 1:1 to 1:100 

10 by volum. Gas optionally including Group III element, for example, 
B 2 H6 may be used as doping gas. 

The mixture ratio of silicon-containing gas and gas including 
Group III element can suitably be adjusted depending upon a size of a 
film-forming device such as CVD or a concentration of Group III element 

15 to be obtained. This mixture ratio is, for example, approximately 
1:0.001 to 1:1 by volume, being constant or gradually changing. The 
Group III element may be doped simultaneous with the film-formation 
of the silicon layer as described above, while it may be doped by an ion 
implantation, surface treatment of the silicon layer, solid-phase 

20 diffusion or the like after the silicon layer is formed. 
Fluorine-containing gas may optionally be added to silicon-containing 
gas. Examples of fluorine-containing gas include F 2 , SiF4, SiH 2 F 2 or 
the like. Example of the amount in this case of fluorine-containing gas 
is approximately 0.01 to 10 times as large as the amount of dilution gas 

25 such as hydrogen gas. 

The i-layer does not substantially show p-type and n-type 
conductivities, but it may show a significantly weak p-type or n-type 
conductivity if the photoelectric conversion function is not deteriorated. 
The i-layer can be formed by the above-mentioned method, most 

30 preferably by plasma CVD method. The thickness thereof in that case 
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is, for example, approximately 0.1 to 10 microns. Substantially the 
same gas as in the p-layer except for not including Group III element 
can be used for forming the i-layer. Substantially the same 
film-forming conditions as in the p-layer can be adapted to the 
formation of the i-layer. 

The n-layer is not specifically limited if it is the one generally 
used in the p-i-n junction of the solar cell. It can be formed by the 
same manner as the p-layer and i-layer except for using gas containing 
Group V element such as PH3 or the like. Examples of impurity serving 
as a donor include phosphorus, arsenic, antimony or the like. The 
concentration of impurity is approximately 10 18 to 10 20 cm -3 . The 
thickness of the n-layer is, for example, approximately 10 to 100 nm. 

Although the p-layer, n-layer and i-layer may be formed under a 
corresponding different film-forming condition as a layer containing or 
not containing amorphous component or a layer containing or not 
containing crystalline component, they are preferably formed 
continuously by plasma CVD method with the gas flow amount being 
changed and the other conditions being optionally changed. This 
continuous formation can realize an integral layer showing no 
interruption of sedimentation from p-layer to n-layer. 

The total thickness of the photoelectric conversion layer 
including the amorphous i-layer is preferably the same or more times as 
thick as the average, height difference of the irregularities formed on the 
hole surface on the first transparent conductive layer in order to obtain 
uniform characteristics as well as to control a leakage due to a pinhole 
or the like. Specifically, it is suitably four times as thick as the average 
height difference of the irregularities or below that for maintaining a 
hole size required for generating light scattering effect. 

The total thickness of the photoelectric conversion layer 
including the crystalline i-layer is preferably the same or more of the 
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average height difference of the irregularities formed on the hole surface 
on the transparent conductive layer in order to obtain uniform 
characteristics as well as to control a leakage due to a pinhole or the 
like. Specifically, it is suitably ten times as thick as the average height 
difference of the irregularities or below that for maintaining a hole size 
required for generating light scattering effect. Specific thickness is 
approximately 0.2 to 10 microns. 

A photoelectric conversion layer having remarkably less defect is 
formed in case where the photoelectric conversion layer, particularly the 
layer made of the crystalline i-layer, has a ratio I220/I111 of 5 or more 
where I220 is the integral intensity of (220) X-ray diffraction and Ini is 
the integral intensity of (111) X-ray diffraction. Such photoelectric 
conversion layer shows a high photoelectric conversion efficiency, thus 
preferable. 

The thin-film solar cell of the present invention may be a 
super- straight type in which light is incident from the substrate side or 
may be a sub- straight type in which light is incident from the 
photoelectric conversion layer side. More preferable one is a 
super- straight type thin-film solar cell having one set of the transparent 
electrode and photoelectric conversion layer laminated in this order on 
the transparent substrate or a plurality sets of the transparent 
electrode and photoelectric conversion layer formed on the transparent 
substrate in parallel or in series and further having a conductive layer 
on the photoelectric conversion layer. If the multi-junction type 
thin-film solar cell of the present invention includes a first transparent 
conductive layer, amorphous photoelectric conversion layer, second 
transparent conductive layer and crystalline photoelectric conversion 
layer laminated in this order on the transparent substrate, it may 
comprise three or more photoelectric conversion layers such as a third 
transparent conductive layer, third photoelectric conversion layer, 
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fourth transparent conductive layer and so forth. The third, fourth and 
the like transparent conductive layers in this case can be substantially 
the same as the first and second transparent conductive layers. The 
third, fourth and the like photoelectric conversion layers may be 
5 amorphous, preferably crystalline. It can substantially the same as the 
aforesaid photoelectric conversion layer. Any conductive layer, besides 
the transparent conductive layer, is adapted here if it may be formed 
from a material usable as a general electrode material. One or more 
layers such as buffer layer, intermediate layer, conductive layer, 

10 insulating layer, protecting layer or the like may optionally be formed 
between the substrate, transparent conductive layer and p-, n- and 
i-layers. Further, a solar cell module may be obtained by a plurality of 
this type of thin-film solar cells or by a combination with a thin-film 
solar cell having another structure. In the sub-straight type solar cell, 

15 a metallic substrate or a substrate on which a metal is coated is used, 
whereby the transparent conductive layer functions as a scattering 
layer of light reflected from the metal surface. 

The embodiments of the thin-film solar cell according to the 
present invention will be explained in detail hereinbelow. The present 

20 invention is not limited to these embodiments. 
Example 1 

A single-junction type thin-film solar cell in this Example is a 
super- straight type solar cell. As shown in Fig. 1, a crystalline silicon 
photoelectric conversion layer 17, back surface reflecting layer 15 and 
25 back surface electrode 16 are laminated in this order onto a thin-film 
solar cell substrate 11 comprising a glass plate 11a and a transparent 
conductive layer lib formed on the glass plate 11a. 

The crystalline silicon photoelectric conversion layer 17 is made 
of a p-type crystalline silicon layer 12, i-type crystalline silicon layer 13 
30 and n-type crystalline silicon layer 14. 
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Formed on the surface of the transparent conductive layer lib 
are a great number of holes having approximately a semi-sphere and 
reaching not to the glass plate 11a. Irregularities are provided on the 
surface of each hole and on the surface on which the holes are not 
formed. 

The single-junction type thin-film solar cell of this type was 
manufactured as follows. 

A zinc oxide film serving as the transparent conductive layer lib 
was formed on the plane glass plate 11a so as to have a thickness of 
1200 nm with a magnetron sputtering method at a substrate 
temperature of 150°C under a film-forming pressure of 0.3 Torr, thus 
obtaining the thin-film solar cell substrate 11. 

Gallium was added so as to have a concentration of 
approximately lxl0 21 /cm 3 to the transparent conductive layer lib. As 
a result, the sheet resistance of the obtained transparent conductive 
layer lib was 6 ohms/ cm 2 and transmittance to light of 800 nm 
wavelength was 80%. When the X-ray diffraction method was 
performed to the transparent conductive layer lib, the integral 
intensity of (0001) diffraction peak was 75% to the sum of the integral 
intensity of all the diffraction peaks. 

Subsequently, the surface of the transparent conductive layer 
lib was etched. First, the substrate 11 was dipped into 1 wt.% acetic 
acid solution having temperature of 25 °C for 80 seconds, and then the 
surface thereof was fully washed with pure water. 

Observing the surface shape of the transparent conductive layer 
lib after etching by a scanning electron microscope, the surface was 
found to be provided with a great number of holes each having a 
diameter of approximately 200 to 1400 nm and having approximately a 
spheres shape. The number density was 0.8 ULrrr 2 . 

This hole and surface shape in the vicinity of the hole were 
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observed with an atomic force microscope. Fig. 2 shows a schematic 
surface shape of the transparent conductive layer 1 lb. 

In Fig. 2, a depth 21 of one hole formed on the surface of the 
transparent conductive layer lib had a distribution of about 80 to 1000 
5 nm. The ratio of the hole depth 21 to a hole diameter 22 was in a 
range of about 0.1 to 1. Further, irregularities were formed on the 
surface of the hole. The size 23 of each irregularity (a height difference 
of each irregularity) was distributed from about 10 to 280 nm, while a 
space 24 between each irregularity was about 100 to 900 nm. The 
10 ratio of the irregularity size 23 to the irregularity space 24 was within 
the range of about 0.1 to 1. Further, the size of each irregularity 
formed other than the surface of the hole was approximately 10 nm or 
less. 

Subsequently, the p-type crystalline silicon layer 12 having a 
15 thickness of 20 nm, the i-type crystalline silicon layer 13 having a 
thickness of 2 microns and n-type crystalline silicon layer 14 having a 
thickness of 30 nm were laminated in this order onto the transparent 
conductive layer lib with a high-frequency plasma CVD method, 
thereby obtaining the crystalline silicon photoelectric conversion layer 
20 17. The substrate temperature upon film-formation was 200 °C at 
each layer. 

The p-type crystalline silicon layer 12 was formed by using gas 
obtained by diluting SiH4 gas with H2 gas having a flow rate ratio five 
times as large as that of SiFL* gas, and further by adding B2H6 gas in an 

25 amount of 0.01 % with respect to the flow rate of Sil-U gas. The same 
material gas except for B2H6 gas as used for forming the p-type 
crystalline silicon layer 12 was used for forming the i-type crystalline 
silicon layer 13, while the n-type crystalline silicon layer 14 was formed 
by using SiH4 gas to which PH3 gas was added by 0.01 % with respect 

30 to the flow rate of SiH4 gas. 
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After the obtained substrate 1 1 was removed from a plasma CVD 
apparatus, the X-ray diffraction method was performed to the 
crystalline silicon photoelectric conversion layer 17, resulting in that 
the ratio I220/I111 of the integral intensity I220 of (220) X-ray diffraction 
5 peak to the integral intensity Im of (110) X-ray diffraction peak was 3. 
The actually obtained X-ray diffraction peak was not the information of 
the i-type crystalline silicon layer 12 alone in the crystalline silicon 
photoelectric conversion layer 17. However, it is considered to reflect 
the crystal orientation of the i-type crystalline silicon layer 13, since the 
10 thickness of each pztype and n^type crystalline silicon layer 12 and 14 
is very thin compared to the thickness of the i-type crystalline silicon 
layer 13. 

Table 1 shows the surface shape of the transparent conductive 
layer lib and the orientation of the crystalline silicon photoelectric 

15 conversion layer 17. 

Thereafter, zinc oxide was formed as the back surface reflecting 
layer 15 with a magnetron sputtering method to have a thickness of 50 
nm and silver was formed as the back surface electrode 16 with an 
electron beam vapor deposition method to have a thickness of 500 nm, 

20 thereby obtaining a single-junction type thin-film solar cell of a 
super- straight type in which light is incident from the glass plate side 
11a. 

Shown in Table 2 was the current - voltage characteristics of the 
obtained thin-film solar cell under the irradiating condition of AM 1.5 
25 (100 mW/cm2). 

Example 2 

A single-junction type thin-film solar cell was manufactured by 
the same manner as in the Example 1 except that the substrate was 
dipped into acetic acid solution for 240 seconds upon etching the 
30 surface of the transparent conductive layer lib. 



-22- 



Observing the surface shape of the transparent conductive layer 
lib before forming the crystalline silicon photoelectric conversion layer 
17 by a scanning electron microscope, the surface was found to be 
provided with a great number of holes each having a diameter of 
approximately 400 to 1000 nm and having approximately a sphere 
shape. The number density was 1 umr 2 . 

The surface shape was observed with an atomic force microscope 
after forming the crystalline silicon photoelectric conversion layer 17 by 
the same manner as in the Example 1 for minutely checking the surface 
shape. Fig. 3 shows a schematic surface shape of the transparent 
conductive layer lib observed by the atomic force microscope. 

A depth 31 of one hole had a distribution of about 100 to 700 
nm. The ratio of the hole depth 31 to a hole diameter 32 was in a 
range of about 0.1 to 1. 

Further, irregularities were formed on the surface of the hole 
and the surface on which the holes were not formed. A size 33 of each 
irregularity (height difference of each irregularity) was distributed from 
about 20 to 200 nm, while a space 34 between each irregularity was 
about 200 to 800 nm. The irregularities formed other than the holes 
were 20 to 40 nm. The ratio of the irregularity size 33 to the 
irregularity space 34 was within the range of about 0.1 to 1. 

It is considered that the shapes of each hole and irregularity 
formed on the surface of the transparent conductive layer lib were 
unified compared to the Example 1 due to a long etching time. 

Table 1 shows the surface shape of the transparent conductive 
layer lib and the orientation of the crystalline silicon photoelectric 
conversion layer 17 in this Example, while shown in Table 2 was the 
current - voltage characteristics of the obtained thin-film solar cell 
under the irradiating condition of AM 1.5 (100 mW/cm 2 ). 
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Example 3 

A single-junction type thin-film solar cell was manufactured by 
the same manner as in the Example 1 except that SiH4 gas diluted by 
H2 gas having a flow rate ratio of 30 times as large as that of SiHU gas 
was used as material gas for forming the i-type crystalline silicon layer 
13. 

Table 1 shows the surface shape of the transparent conductive 
layer lib and the orientation of the crystalline silicon photoelectric 
conversion layer 17 in this Example, while shown in Table 2 was the 
current - voltage characteristics of the obtained thin-film solar cell 
under the irradiating condition of AM 1.5 (100 mW/cm 2 ). 

Comparative Example 1 

A single-junction type thin-film solar cell was manufactured by 
the same manner as in the Example 1 except that used transparent 
conductive layer formed on a plane glass plate (corresponding to 11a) 
was the one having tin oxide formed by an atmospheric pressure CVD 
method and zinc oxide formed by a magnetron sputtering method for 
covering the tin oxide, as well as that the etching was not executed. 

The tin oxide was manufactured by a technique disclosed in the 
Japanese Patent No. 2862174. Specifically, a glass plate on which a 
silicon oxide film was formed was heated to 600 °C, and then, solution 
obtained by diluting SnCU, water, methanol and fluoric acid with N2 gas 
was sprayed onto the glass plate, thereby obtaining tin oxide with a 
surface shape having irregularities thereon, this shape having an 
average height of irregularities of 150 nm, average space between 
irregularities of 180 nm, a height difference of each irregularity to a 
space between each irregularity of approximately 0.5 to 2. An 
approximately circular hole was not found on the surface of this tin 
oxide. 

The average thickness of this tin oxide . was 600 nm, sheet 
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resistance was 10 ohms/cm 2 and transmittance to light of 800 nm 
wavelength was 78%. 

The zinc oxide was provided for preventing a reduction due to 
hydrogen plasma generating in the crystalline silicon layer. Its 
thickness was thin such as 30 nm, hardly imparting an influence to the 
irregularities on the surface of the tin oxide. 

When the X-ray diffraction method was performed by the same 
manner as in the Example 1 after forming the crystalline silicon 
photoelectric conversion layer 17, the ratio I220/I111 of the integral 
intensity I220 of (220) diffraction . peak to _the integral intensity Ini of 
(111) diffraction peak was 1.5. 

Table 1 shows the surface shape of the transparent conductive 
layer lib and the orientation of the crystalline silicon photoelectric 
conversion layer 17 in this Example, while shown in Table 2 was the 
current - voltage characteristics of the obtained thin-film solar cell 
under the irradiating condition of AM 1.5 (100 mW/cm 2 ). 

Comparative Example 2 

A single-junction type thin-film solar cell was manufactured by 
the same manner as in the Example 1 except that the substrate was 
dipped into acetic acid solution for 60 seconds upon etching the surface 
of the transparent conductive layer lib. 

Table 1 shows the surface shape of the transparent conductive 
layer lib and the orientation of the crystalline silicon photoelectric 
conversion layer 17 after forming the transparent conductive layer lib 
but before forming the crystalline silicon photoelectric conversion layer 
17, while shown in Table 2 was the current - voltage characteristics of 
the obtained thin- film solar cell under the irradiating condition of 
AM 1.5 (100 mW/cm 2 ), 

Example 4 

A single-junction type thin-film solar cell was manufactured by 
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the same manner as in the Example 1 except that, after etching the 
surface of the transparent conductive layer lib made of zinc oxide, zinc 
oxide was further formed thereon to have a thickness of 50 nm. 

The film-forming conditions of the zinc oxide film after etching 
processing were different from those in the Example 1 . Specifically, the 
film-forming pressure was 3 mTorr. 

When the X-ray diffraction method was performed to the 
transparent conductive layer lib formed on the glass substrate under 
these film-forming conditions, a random orientation was observed. 

Observing the surface shape of the transparent conductive layer 
lib before forming the crystalline silicon photoelectric conversion layer 
17 by a scanning electron microscope, irregularities were formed all 
over the surface of the transparent conductive layer lib, that was 
different from the Example 1 . The height difference of each irregularity 
has a distribution of about 20 to 280 nm (at the surface other than the 
hole : 20 to 50 nm). The transparent conductive layer lib was formed 
under a random orientation condition grew in a band, whereby the 
irregularities were formed all over the surface. 

Table 1 shows the surface shape of the transparent conductive 
layer lib and the orientation of the crystalline silicon photoelectric 
conversion layer 17, while shown in Table 2 was the current - voltage 
characteristics of the obtained thin-film solar cell under the irradiating 
condition of AM 1.5 (100 mW/cm 2 ). 

Example 5 

A single-junction type thin-film solar cell was manufactured by 
the same manner as in the Example 1 except that a substrate 1 1 for a 
thin-film solar cell was prepared as shown in Fig. 4 using a glass plate 
11a having a processed surface shape instead of the plane glass plate, 
the substrate 11 having thereon a transparent conductive layer lib 
with a thickness of 1000 nm. 
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The surface shape of the glass plate 11a was processed with a 
sandblasting by using abrasive sand made of alumina and having an 
average grain diameter of 1 micron. The sandblasting process 
conditions were set as follows: the spray pressure was about 3 to 4 
kg/ cm 2 , spray distance was about 8 cm, spray angle was 90 degree, 
speed of the processing table was 25 mm/ minute and spray amount 
was .50 g/ minute. 

Observing the surface shape of the transparent conductive layer 
lib before forming the crystalline silicon photoelectric conversion layer 
17 by a scanning electron microscope, _the . surface was found to. be 
provided with a great number of holes each having a diameter of 
approximately 400 to 1000 nm and having approximately a sphere 
shape. The number density was 1 limr 2 . 

The surface shape of each hole and the surface shape in the 
vicinity of the hole were measured with an atomic force microscope for 
minutely checking these surface shapes. The depth of one hole had a 
distribution of about 100 to 700 nm. The ratio of the hole depth to a 
hole diameter was in a range of about 0.1 to 1. 

Further, irregularities were formed on the surface of the hole 
and the surface on which the holes were not formed. The size of each 
irregularity was distributed from about 20 to 1000 nm, while the space 
between each irregularity was about 100 to 400 nm. The ratio of the 
irregularity size to the irregularity space was within the range of about 
0.1 to 1. 

Table 1 shows the surface shape of the transparent conductive 
layer lib and the orientation of the crystalline silicon photoelectric 
conversion layer 17, while shown in Table 2 was the current - voltage 
characteristics of the obtained thin-film solar cell under the irradiating 
condition of AM 1.5 (100 mW/cm 2 ). 

Comparative Example 3 
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A single-junction type thin-film solar cell was manufactured by 
the same manner as in the Example 5 except for the processing 
condition of the surface of the glass plate 11a. 

The surface shape of the glass plate 11a was processed with a 
5 sandblasting by using abrasive sand made of alumina and having an 
average grain diameter of 20 micron. The sandblasting process 
conditions were set as follows: the spray pressure was about 3 to 4 
kg/cm 2 , spray distance was about 8 cm, spray angle was 90 degree, 
speed of the processing table was 250 mm/ minute and spray amount 
10 was 50 g/minute. . 

Observing the surface shape of the transparent conductive layer 
lib before forming the crystalline silicon photoelectric conversion layer 
17 by a scanning electron microscope, the surface was found to be 
provided with a great number of holes each having a diameter of 
15 approximately 800 to 3000 nm and having approximately a sphere 
shape. The number density was 0.3 ttmr 2 . 

The surface shape of each hole and the surface shape in the 
vicinity of the hole were measured with an atomic force microscope for 
minutely checking these surface shapes. The depth of one hole had a 
20 distribution of about 700 to 2000 nm. The ratio of the hole depth to a 
hole diameter was in a range of about 0.5 to 2. 

Further, irregularities were formed on the surface of the hole 
and the surface on which the holes were not formed. The size of each 
irregularity was distributed from about 150 to 500nm, while the space 
25 between each irregularity was about 200 to 800 nm. The ratio of the 
irregularity size to the irregularity space was within the range of about 
0.5 to 2. 

Table 1 shows the surface shape of the transparent conductive 
layer lib and the orientation of the crystalline silicon photoelectric 
30 conversion layer 17, while shown in Table 2 was the current - voltage 
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characteristics of the obtained thin-film solar cell under the irradiating 
condition of AM 1.5 (100 mW/cm 2 ). 



Tabid 1 
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* : Orientation of crystalline silicon photoelectric conversion layer 
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Table 2 
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Co Ex 3 
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As shown in Tables 1 and 2, the irregularities having the average 
height of 150 nm were formed on the transparent conductive layer in 
the Comparative Example 1 , while holes were formed in the Examples 1 
and 2 larger in size than the irregularities of the Comparative Example 
1 and having a diameter greater than its depth. Further, formed on 
each surface of these holes were irregularities smaller than the holes. 
The open-circuit voltage obtained in the Examples 1 and 2 was higher 
than that of the Comparative Example 1. This is attributed to the 
improvement in orientation of the transparent conductive layer 
compared to the Comparative Example 1 , whereby the orientation of the 
crystalline silicon photoelectric conversion layer formed thereon was 
maintained to thereby prevent introduction of the defects. 

Further in the Examples 1 and 2, not only the open-circuit 
voltage was higher that that in the Comparative Example 1 , but also the 
short-circuit electric current was the same as that in the Comparative 
Example 1. This shows that the formation of the crystalline silicon 
photoelectric conversion layer on the transparent conductive layers in 
the Examples 1 and 2 enables to prevent the introduction of the defect 
density into the crystalline silicon photoelectric conductive layer due to 
the irregularities of the substrate with the light confinement effect 
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maintained. 

Moreover, the short-circuit electric current was higher in the 
Example 1 than in the Example 2. Considering that there is little 
difference between the Example 1 and Example 2 in the depth of each 
5 hole and the size of irregularities formed on the surface of each hole, a 
high light confinement effect is considered to be produced due to the 
formation of the irregularities each having a size of 10 nm or more on 
the surface other than the hole surface in the Example 2. 

In the Example 3, the orientation I220/I111 of the crystalline 

10 silicon photoelectric conversion layer was 5.5 that was higher than the. 
orientation I220/I111 of 3 of the crystalline silicon photoelectric 
conversion layer in each Example 1 and 2, so that a high open-voltage 
and fill factor were shown in the Example 3. This brings a conclusion 
that the preferable orientation I220/I111 of the crystalline silicon 

15 photoelectric conversion layer was 5 or more. 

In the Comparative Example 2, the light confinement effect did 
not occur so that the short-circuit electric current was reduced, since 
the holes and irregularities were excessively smaller than those in the 
Examples 1 and 2. The Comparative Example 3 showed not only the 

20 reduced open-voltage and fill factor but also the reduced orientation of 
the crystalline silicon photoelectric conversion layer. This brings a 
conclusion that the defect was introduced into the crystalline silicon 
photoelectric conversion layer thereby reducing the open- voltage, since 
the depth of hole and size of the irregularities were excessively large. 

25 The transparent conductive layer in each Example 4 and 5 was 

formed to have equivalent holes and irregularities to those of the 
Example 2 with the laminate structure of the transparent conductive 
layer or sandblast processing of the glass substrate, thereby obtaining a 
single-junction type thin-film solar cell having the current - voltage 

30 characteristics equivalent to those in the Example 2. It is considered 
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from the above result that the importance is put on the surface shape of 
the transparent conductive layer for forming a thin-film solar cell having 
a high photoelectric conversion efficiency, for which the laminate 
structure of the transparent conductive layer or sandblast processing of 
the glass substrate or its combination is effective. 
Example 6 

A multi-junction type thin-film solar cejfl of a super- straight type 
in this Example has substantially the same ^structure as that shown in 
Fig. 5. This thin-film solar cell has a substrate for a thin-film solar cell 
.comprising a glass plate and a first transparent. conductive layer formed 
thereon. Formed on this substrate are an amorphous silicon 
photoelectric conversion layer, second transparent conductive layer, 
crystalline silicon photoelectric conversion layer, back surface reflecting 
layer and back surface electrode in this order. Formed on each surface 
of the first and second transparent conductive layers are a great 
number of holes each /naving approximately a sphere shape and 
reaching not to the gla^s plate 1 la like the Example 1. The amorphous 
silicon photoelectric/conversion layer is made of a p-type amorphous 
silicon layer, i-type amorphous silicon layer and n-type amorphous 
silicon layer arua the crystalline silicon photoelectric conversion layer is 
made of a p-wpe crystalline silicon layer, i-type crystalline silicon layer 
and n- type/crystalline silicon layer. 

The multi-junction type thin-film solar cell of this type was 
manufactured as follows. 

A zinc oxide film serving as the first transparent conductive layer 
was formed on the plane glass plate so as to have a thickness of 1200 
nm with a magnetron sputtering method at a substrate temperature of 
150 °C under a film-forming pressure of 0.3 mTorr thus obtaining the 
thin-film solar cell substrate 11. Gallium of approximately 
lxl0 21 /crrr 3 was added to the first transparent conductive layer. As a 
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result, the sheet resistance of the obtained first transparent conductive 
layer was 6 ohms/ cm 2 and transmittance to light of 800 nm wavelength 
was 80%. When the X-ray diffraction method was performed to the 
first transparent conductive layer, the integral intensity of (0001) 
5 diffraction peak was 75% to the sum of the integral intensity of all the 
diffraction peaks. 

Subsequently, the surface of the first transparent conductive 
layer was etched. The substrate 1 1 was dipped into 1 wt.% acetic acid 
solution having temperature of 25 °C for 200 seconds, and then the 

10 surface thereof was fully washed with pure water. Observing the 
surface shape of the obtained first transparent conductive layer by a 
scanning electron microscope, the surface was found to be provided 
with a great number of holes each having a diameter of approximately 
200 to 1600 nm and having approximately a sphere shape, these holes 

15 not reaching to the glass plate. 

Subsequently, the p-type amorphous silicon layer having a 
thickness of 20 nm, the i-type amorphous silicon layer having a 
thickness of 300 nm and n-type amorphous silicon layer having a 
thickness of 30 nm were laminated in this order onto the substrate with 

20 a high-frequency plasma CVD method by using a high-frequency 
plasma CVD apparatus, thereby obtaining the amorphous silicon 
photoelectric conversion layer. The substrate temperature upon 
forming each layer was 200 °C. 

The p-type amorphous silicon layer was formed by using gas 

25 obtained by diluting SiH4 gas with H2 gas having a flow rate ratio five 
times as large as that of SiHU gas, and further by adding B2H6 gas in an 
amount of 0.01 % with respect to the flow rate of SiH4 gas. The same 
material gas except for B2H6 gas as used for forming the p-type 
amorphous silicon layer was used for forming the i-type amorphous 

30 silicon layer, while the n-type amorphous silicon layer was formed by 
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using SiH4 gas to which PH3 gas was added by 0.01 % with respect to 
the flow rate of SiH4 gas. 

The obtained substrate was removed from a plasma CVD 
apparatus, and then, zinc oxide with a thickness of 5 nm was formed as 
5 the second transparent conductive layer by a magnetron sputtering 
method under the same condition as the first transparent conductive 
layer. 

Observing the surface shape of the second transparent 
conductive layer by a scanning electron microscope, the surface was 
10 found to be provided with a great number of holes each having a 
5z diameter of approximately 200 to 1400 nm and having approximately a 

Q sphere shape. The surface shape of the hole and the surface shape in 

the vicinity of the hole were observed with an atomic force microscope 
%^ for a minute check. Fig. 2 shows a schematic surface shape of the 

M 15 second transparent conductive layer. The depth 21 of one hole had a 
□ distribution of about 80 to 1000 nm. The ratio of the hole depth to the 

lj, average hole diameter 22 was in a range of about 0.1 to 1. Further, 

y irregularities were formed on the surface of the hole and the surface on 

fy which the holes were not formed. The size 23 of each irregularity was 

20 distributed from about 10 to 280 nm, while the space 24 between each 
irregularity was about 100 to 900 nm. The ratio of the irregularity size 
23 to the irregularity space 24 was within the range of about 0.1 to 1. 
Table 3 shows the surface shape of the second transparent conductive 
layer. 

25 Again, the p-type crystalline silicon layer having a thickness of 

20 nm, the i-type crystalline silicon layer having a thickness of 2 
microns and n-type crystalline silicon layer having a thickness of 30 nm 
were laminated in this order onto the second transparent conductive 
layer with a high-frequency plasma CVD method, thereby obtaining the 

30 crystalline silicon photoelectric conversion layer. The substrate 
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temperature upon forming each layer was 200 °C. The p-type 
crystalline silicon layer was formed by using gas obtained by diluting 
SiH 4 gas with H2 gas having a flow rate fifty times as large as that of 
SiH 4 gas, and further by adding B2H6 gas in an amount of 0.01 % with 
respect to the flow rate of SiH 4 gas for fully crystallizing the silicon layer. 
The same material gas as used for forming the p-type crystalline silicon 
layer except for B2H6 gas was used for forming the i-type crystalline 
silicon layer, while the n-type crystalline silicon layer was formed by 
using SiH 4 gas to which PH3 gas was added by 0.01 % with respect to 

the flow rate of SiH 4 gas. 

After being removed from a plasma CVD apparatus, the X-ray 
diffraction method was performed to the obtained photoelectric 
conversion layer, resulting in that the ratio I220/I111 of the integral 
intensity I220 of (220) X-ray diffraction peak to the integral intensity Im 
of (110) X-ray diffraction peak was 3. The actually obtained X-ray 
diffraction peak was not the information of the i-type crystalline silicon 
layer alone in the crystalline silicon photoelectric conversion layer. 
However, it is considered to reflect the crystal orientation of the i-type 
crystalline silicon layer, since the thickness of each p-type and n-type 
crystalline silicon layers is very thin compared to the thickness of the 
i-type crystalline silicon layer. Table 3 shows the orientation of the 
crystalline silicon photoelectric conversion layer. 

Thereafter, zinc oxide was formed as the back surface reflecting 
layer with a magnetron sputtering method to have a thickness of 50 nm 
and silver was formed as the back electrode 16 with an electron beam 
vapor deposition method to have a thickness of 500 nm, thereby 
obtaining a multi-junction type thin-film solar cell of a super- straight 
type in which light is incident from the glass plate side. 

Shown in Table 4 was the current - voltage characteristics of the 
obtained thin-film solar cell under the irradiating condition of AM 1.5 
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(100 mW/cm 2 ). 

Example 7 

A multi-junction type thin-film solar cell was manufactured by 
the same manner as in the Example 6 except that the substrate was 
dipped into acetic acid solution for 280 seconds upon etching the 
surface of the first transparent conductive layer. 

Observing the surface shape of the second transparent 
conductive layer by the same manner as in the Example 6, after forming 
the amorphous silicon photoelectric conversion layer and the second 
transparent conductive, layer but before forming the crystalline silicon 
photoelectric conversion layer, by a scanning electron microscope, the 
surface was found to be provided with a great number of holes each 
having a diameter of approximately 400 to 1400 nm and having 
approximately a sphere shape. The number density was 1 fimr 2 . 

The surface shape of the hole and the surface shape in the 
vicinity of the hole were observed with an atomic force microscope by 
the same manner as in the Example 6 for a minute check. Fig. 3 
shows a schematic surface shape of the second transparent conductive 
layer. 

The depth 31 of one hole had a distribution of about 100 to 700 
nm. The ratio of the average hole depth 31 to the average hole 
diameter 32 was in a range of about 0. 1 to 1. 

Further, irregularities were formed on the surface of the hole 
and the surface on which the holes were not formed. The size 33 of 
each irregularity was distributed from about 20 to 200 nm (those 
formed on the surface other than the holes: about 20 to 40 nm), while 
the space 34 between each irregularity was about 200 to 800 nm. The 
ratio of the irregularity size 33 to the irregularity space 34 was within 
the range of about 0.1 to 1. 

It is considered that the shapes of holes and irregularities 
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formed on the surface of the first transparent conductive layer were 
unified compared to the Example 6 due to a long etching time. 
Consequently, the shapes of holes and irregularities formed on the 
surface of the second transparent conductive layer were also unified. 

After forming the crystalline silicon photoelectric conversion 
layer, the X-ray diffraction method was performed, resulting in that the 
ratio I220/I111 of the integral intensity I220 of (220) X-ray diffraction peak 
to the integral intensity Im of (110) X-ray diffraction peak was 3. This 
amount was the same as that of the Example 6. 

Table 3 shows the surface shape of the second transparent 
conductive layer and the orientation of the crystalline silicon 
photoelectric conversion layer, while shown in Table 4 is the current - 
voltage characteristics of the obtained multi-junction type thin-film 
solar cell under the irradiating condition of AM 1.5 (100 mW/cm 2 ). 

Example 8 

A multi-junction type thin-film solar cell was manufactured by 
the same manner as in the Example 7 except that Sim gas diluted by 
H2 gas having a flow rate of 30 times as large as that of SiH4 gas was 
used as material gas for forming the i-type crystalline silicon layer. 

After forming the crystalline silicon photoelectric conversion 
layer, the X-ray diffraction method was performed, resulting in that the 
ratio I220/I111 of the integral intensity I220 of (220) X-ray diffraction peak 
to the integral intensity Im of (1 10) X-ray diffraction peak was 5.5. 

Table 3 shows the surface shape of the second transparent 
conductive layer and the orientation of the crystalline silicon 
photoelectric conversion layer, while shown in Table 4 is the current — 
voltage characteristics of the obtained multi-junction type thin-film 
solar cell under the irradiating condition of AM 1.5 (100 mW/cm 2 ). 

Comparative Example 4 

A multi-junction type thin-film solar cell was manufactured by 
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the same manner as in the Example 6 except that used first 
transparent conductive layer formed on a plane glass plate was the one 
having tin oxide formed by an atmospheric pressure CVD method and 
zinc oxide formed by a magnetron sputtering method for covering the 
tin oxide, as well as that the etching was not executed. 

The tin oxide was manufactured by a technique disclosed in the 
Japanese Patent No. 2862174. Specifically, a glass plate on which 
silicon oxide film was formed was heated to 600 °C, and then, solution 
obtained by diluting SnCU, water, methanol and fluoric acid with N2 gas 
was sprayed onto the glass plate, thereby obtaining tin oxide with a 
surface shape having irregularities thereon, this shape having an 
average height of irregularity of 150 nm, average space between each 
irregularity of 180 nm. The average thickness of this tin oxide was 600 
nm, sheet resistance was 10 ohms/ cm 2 and transmittance to light of 
800 nm wavelength was 78%. The zinc oxide was provided for 
preventing a reduction due to hydrogen plasma generating in the 
crystalline silicon layer. Its thickness was thin such as 30 nm, hardly 
imparting an influence to the irregularities on the surface of the tin 
oxide. 

Observing the surface shape of the second transparent 
conductive layer by the same manner as in the Example 6, after forming 
the amorphous silicon photoelectric conversion layer and the second 
transparent conductive layer but before forming the crystalline silicon 
photoelectric conversion layer, by a scanning electron microscope, the 
average height difference between each irregularity was 100 nm and the 
average space between each irregularity was 150 nm. The ratio of the 
irregularity height difference to the irregularity space was in the range 
of about 0.5 to 2. The holes having a shape of approximately sphere 
observed in the Examples 6 and 7 were not found in this Example. 

After forming the crystalline silicon photoelectric conversion 
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layer, the X-ray diffraction method was performed, resulting in that the 
ratio I220/I111 of the integral intensity I220 of (220) X-ray diffraction peak 
to the integral intensity Ii 11 of (1 10) X-ray diffraction peak was 1.5. 

Table 3 shows the surface shape of the second transparent 
conductive layer and the orientation of the crystalline silicon 
photoelectric conversion layer, while shown in Table 4 is the current - 
voltage characteristics of the obtained multi-junction type thin-film 
solar cell under the irradiating condition of AM 1.5 (100 mW/cm 2 ). 

Comparative Example 5 

A multi-junction type thin-film solar cell was manufactured by 
the same manner as in the Example 8 except that the substrate was 
dipped into acetic acid solution for 80 seconds upon etching the surface 
of the transparent conductive layer. 

Table 3 shows the surface shape of the second transparent 
conductive layer and the orientation of the crystalline silicon 
photoelectric conversion layer, while shown in Table 4 is the current - 
voltage characteristics of the obtained multi-junction type thin-film 
solar cell under the irradiating condition of AM 1.5 (100 mW/cm 2 ). 

Comparative Examples 6 and 7 

Each multi-junction type thin-film solar cell was manufactured 
by the same manner as in the Example 6 except that the thickness of 
the i-type amorphous silicon layer of each Comparative Example was 
set to lOOnm and 500nm. 

Table 3 shows the surface shape of the second transparent 
conductive layer and the orientation of the crystalline silicon 
photoelectric conversion layer, while shown in Table 4 is the current - 
voltage characteristics of the obtained multi-junction type thin-film 
solar cell under the irradiating condition of AM 1.5 (100 mW/cm 2 ). 

Example 9 

A multi-junction type thin-film solar cell was manufactured by 
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the same manner as in the Example 6 except that, after etching the 
surface of the transparent conductive layer made of zinc oxide, zinc 
oxide was further formed thereon to have a thickness of 50 nm. 

The film-forming conditions of the transparent conductive layer 
after etching processing were different from those in the Example 6. 
Specifically, the film-forming pressure was 3 mTorr. 

When the X-ray diffraction method was performed to the 
transparent conductive layer formed on the glass substrate under these 
film-forming conditions, a random orientation was observed. 

The surface shape of the second transparent conductive layer 
was observed by the same manner as in the Example 6 by a scanning 
electron microscope, after forming the amorphous silicon photoelectric 
conversion layer and the second transparent conductive layer but 
before forming the crystalline silicon photoelectric conversion layer. 

As a result of the observation, it was found that irregularities 
were formed all over the surface of the transparent conductive layer, 
that was different from the Example 6. The height difference between 
each irregularity had a distribution of about 20 to 280 nm (at the 
surface other than the hole : 20 to 50 nm). The transparent conductive 
layer formed under a random orientation condition grew in a band, 
whereby the irregularities were formed all over the surface. 

Table 3 shows the surface shape of the second transparent 
conductive layer and the orientation of the crystalline silicon 
photoelectric conversion layer, while shown in Table 4 is the current - 
voltage characteristics of the obtained multi-junction type thin-film 
solar cell under the irradiating condition of AM 1.5 (100 mW/cm 2 ). 

Example 10 

A multi-junction type thin-film solar cell was manufactured (see 
Fig. 6) by the same manner as in the Example 6 except that a substrate 
for a thin-film solar cell was prepared using a glass plate having a 
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processed surface shape instead of the plane glass plate, the substrate 
having thereon a transparent conductive layer with a thickness of 1000 
nm. 

The surface shape of the glass plate was processed with a 
sandblasting by using abrasive sand made of alumina and having an 
average grain diameter of 1 micron. The sandblasting process 
conditions were set as follows: the spray pressure was about 3 to 4 
kg/ cm 2 , spray distance was about 8 cm, spray angle was 90 degree, 
speed of the processing table was 25 mm/ minute and spray amount 
was 50 g/ minute. 

Observing the surface shape of the second transparent 
conductive layer by the same manner as in the Example 6, after forming 
the amorphous silicon photoelectric conversion layer and the second 
transparent conductive layer but before forming the crystalline silicon 
photoelectric conversion layer, by a scanning electron microscope, the 
surface was found to be provided with a great number of holes each 
having a diameter of approximately 400 to 1000 nm and having 
approximately a sphere shape. The number density was 1 limr 2 . 

The depth of one hole had a distribution of about 100 to 700 nm. 
The ratio of the hole depth to the hole diameter was in a range of about 
0.1 to 1. Further, irregularities were formed on the surface of the hole 
and the surface on which the holes were not formed. The size of each 
irregularity was distributed from about 30 to 120 nm, while the space 
between each irregularity was about 100 to 400 nm. The ratio of the 
irregularity size to the irregularity space was within the range of about 
0.1 to 1. 

Table 3 shows the surface shape of the second transparent 
conductive layer and the orientation of the crystalline silicon 
photoelectric conversion layer, while shown in Table 4 is the current - 
voltage characteristics of the obtained multi-junction type thin-film 
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solar cell under the irradiating condition of AM 1.5 (100 mW/cm 2 ). 
Comparative Example 8 

A multi-junction type thin-film solar cell was manufactured by 
the same manner as in the Example 10 except for the processing 
5 condition of the surface of the glass plate. 

The surface shape of the glass plate was processed with a 
sandblasting by using abrasive sand made of alumina and having an 
average grain diameter of 20 micron. The sandblasting process 
conditions were set as follows: the spray pressure was about 3 to 4 
10 kg/cm 2 , spray distance was about 8 cm, spray angle was 90 degree, 
speed of the processing table was 250 mm/ minute and spray amount 
was 50 g/ minute. 

Observing the surface shape of the second transparent 
conductive layer by the same manner as in the Example 6, after forming 
15 the amorphous silicon photoelectric conversion layer and the second 
transparent conductive layer but before forming the crystalline silicon 
photoelectric conversion layer, by a scanning electron microscope, the 
surface was found to be provided with a great number of holes each 
having a diameter of approximately 800 to 3000 nm and having 
20 approximately a sphere shape. The number density was 0.3 //nr 2 . 

The depth of one hole had a distribution of about 700 to 2000 
nm. The ratio of the hole depth to the hole diameter was in a range of 
about 0.5 to 2. 

Further, irregularities were formed on the surface of the hole 
25 and the surface on which the holes were not formed. The size of each 
irregularity was distributed from about 150 to 500 nm, while the space 
between each irregularity was about 200 to 800 nm. The ratio of the 
irregularity size to the irregularity space was within the range of about 
0.5 to 2. 

30 Table 3 shows the surface shape of the second transparent 
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conductive layer and the orientation of the crystalline silicon 
photoelectric conversion layer, while shown in Table 4 is the current - 
voltage characteristics of the obtained multi-junction type thin-film 
solar cell under the irradiating condition of AM 1.5 (100 mW/cm 2 ). 
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As shown in Tables 3 and 4, the irregularities having an average 
thickness of 100 nm were formed on the transparent conductive layer in 
the Comparative Example 4, while holes in the Examples 6 and 7 were 
larger in size than the irregularities of the Comparative Example 4 and 
having a diameter greater than its depth. Further, formed on each 
surface of these holes were irregularities smaller than the holes. The 
open-circuit voltage obtained in the Examples 6 and 7 was higher than 
that of the Comparative Example 4. This is attributed to the 
improvement in orientation of the crystalline silicon photoelectric 
conversion layer compared to the Comparative Example 4, whereby the 
orientation of the crystalline silicon photoelectric conversion layer 
formed thereon was maintained to thereby prevent introduction of the 
defects. 

Further in the Examples 6 and 7, not only the open-circuit 
voltage was higher that that in the Comparative Example 4, but also the 
short-circuit electric current was the same as that in the Comparative 
Example .4. This shows that the formation of the crystalline silicon 
photoelectric conversion layer on the transparent conductive layers in 
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the Examples 6 and 7 enables to prevent the introduction of the defect 
density into the crystalline silicon photoelectric conductive layer due to 
the irregularities of the substrate with the light confinement effect 
maintained. 

Moreover, the short-circuit electric current was higher in the 
Example 7 than in the Example 6. Considering that there is little 
difference between the Example 6 and Example 7 in the depth of each 
hole and the size of each irregularity formed on the surface of each hole, 
a high light confinement effect is considered to be produced due to the 
formation of the irregularities each having a size of 10 nm or more on 
the surface other than the hole surface in the Example 7. 

In the Example 8, the orientation I220/I111 of the crystalline 
silicon photoelectric conversion layer was 5.5 that was higher than the 
orientation I220/I111 of 3 of the crystalline silicon photoelectric 
conversion layer in each Example 6 and 7, so that a high open- voltage 
and fill factor were shown in the Example 8. This brings a conclusion 
that the preferable orientation I220/I111 of the crystalline silicon 
photoelectric conversion layer was 5 or more. 

In the Comparative Example 5, the light confinement effect did 
not occur so that the short-circuit electric current was reduced, since 
the holes and irregularities were smaller than those in the Examples 6 
and 7. The Comparative Example 5 showed not only the reduced 
open-voltage and fill factor but also the reduced orientation of the 
crystalline silicon photoelectric conversion layer. This brings a 
conclusion that the defect was introduced into the crystalline silicon 
photoelectric conversion layer to thereby reduce the open-voltage, since 
the depth of each hole and the size of each irregularity were excessively 
large. 

The amorphous silicon photoelectric conversion layer was 
formed onto the first transparent conductive layer, whereby the defect 



-45- 



was not introduced into the photoelectric conversion layer due to the 
irregularities. Therefore, the light confinement effect can be enhanced 
by forming on the surface of the first transparent conductive layer the 
irregularities greater than those formed on the second transparent 
conductive layer. 

On the other hand, the thicker the thickness of the i-type 
amorphous silicon layer becomes, the smaller the irregularity size 
becomes in the Comparative Examples 6 and 7. This shows that the 
irregularities on the surface of the second transparent conductive layer 
become smaller than those on the. first ^transparent, conductive layer by 
forming the amorphous silicon photoelectric conversion layer on the 
first transparent conductive layer. Specifically, it is understood that 
the formation of the amorphous silicon photoelectric conversion layer 
on the first transparent conductive layer is suitable for achieving both 
of the reduction in the defect density and high light confinement effect. 

In the Comparative Example 6, little change was found in the 
value of the short-circuit electric current, while the values of the 
open-voltage and fill factor were reduced. It is understood from this 
result that a defect such as a pinhole occurs due to an excessively thin 
amorphous silicon photoelectric conversion layer, to thereby produce a 
short circuit. On the other hand, little change was found in the values 
of the open-voltage and fill factor, while the values of short-circuit 
electric current was reduced in the Comparative Example 7. It is 
understood from this result that the structure of the surface of the 
second transparent oxide layer is insufficient for producing the light 
confinement effect due to an excessively thick amorphous silicon 
photoelectric conversion layer. Therefore, it is preferable that the 
thickness of the amorphous silicon photoelectric conversion layer is set 
so as to be suitable for the irregularity height of the first transparent 
conductive layer. Specifically, the thickness of the amorphous silicon 
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photoelectric conversion layer is preferably first or more and fourth or 
less as large as the average height difference of the irregularities on the 
first transparent conductive layer. 

The transparent conductive layer in each Example 9 and 10 was 
formed to have equivalent holes and irregularities to those of the 
Example 7 with the laminate structure of the transparent conductive 
layer or sandblast processing of the glass substrate, to thereby 
obtaining a thin-film solar cell having the current - voltage 
characteristics equivalent to those in the Example 9. It is considered 
from the above result that the importance is put on the surface shape of 
the transparent conductive layer for forming a thin-film solar cell having 
a high photoelectric conversion efficiency, for which the laminate 
structure of the transparent conductive layer or sandblast processing of 
the glass substrate or its combination is effective. 

The present invention can afford a multi-junction type thin-film 
solar cell that can cause a scattering or a reflecting state of solar ray 
suitable for light absorption characteristics of amorphous and 
crystalline photoelectric conversion layers, that can achieve both of the 
increase in light absorbing amount and defect density in a crystalline 
silicon layer due to the light confinement effect, and that has a high 
photoelectric conversion efficiency. 

In case that the substrate is provided with a plurality of holes 
and irregularities formed thereon, the irregularities formed on the 
surface of each hole on the first transparent conductive layer and 
having a height difference smaller than that formed on the surface of 
the holes on the second transparent conductive layer can afford a 
crystalline photoelectric conversion layer which is less in defect. 

When the holes and irregularities formed on the surface of the 
second transparent conductive layer have a predetermined size, a 
sufficient light scattering effect can be produced with respect not only to 
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a middle wavelength light in the area of 450 to 650nm which is a 
central wavelength of solar spectrum but also to light having longer 
wavelength. 

The formation of the irregularities of the surface of the second 
transparent conductive layer on which holes are formed can 
significantly promote the light confinement effect. 

The thin-film solar cell having a first and /or second transparent 
conductive layer made mainly of zinc oxide can provide a high 
conversion efficiency at low cost. Further, the aforesaid thin-film solar 
cell can realize to utilize light- scattering or reflection at the reverse 
junction between the amorphous silicon photoelectric conversion layer 
and the crystalline silicon photoelectric conversion layer. 

When the amorphous silicon photoelectric conversion layer has 
a predetermined thickness, uniform characteristics can be obtained and 
further, a leakage due to a pinhole or the like can be controlled. 

In case that the first transparent conductive layer is oriented 
with respect to the substrate surface, a photoelectric conversion layer 
having remarkably less defect is formed in case where the photoelectric 
conversion layer is made of a p-n junction and the ratio I220/I111 of the 
integral intensity of (220) X-ray diffraction to the integral intensity of 
(111) X-ray diffraction of the i-layer is 5 or more, thereby obtaining a 
thin-film solar cell having higher photoelectric conversion efficiency. 

According to a manufacturing method of a multi-junction type 
thin-film solar cell, a solar cell having the above-mentioned 
characteristics can easily and simply be manufactured with a good yield, 
to thereby be capable of realizing the reduction in manufacturing cost. 
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